The kinetic isotope effect (KIE) of the seven-atom reactions OH + CH 4 → CH 3 + H 2 O and OH + CD 4 → CD 3 + HDO over the temperature range 200-1000 K is investigated using ring polymer molecular dynamics (RPMD) on a fulldimensional potential energy surface. A comparison of RPMD with previous theoretical results obtained using transition state theory shows that RPMD is a more reliable theoretical approach for systems with more than 6 atoms which provides a predictable level of accuracy. We show that the success of RPMD is a direct result of its independence of the choice of transition state dividing surface, a feature that is not shared by any of the transition state theory-based methods. Our results demonstrate that RPMD is a prospective method for studies of KIEs for polyatomic reactions for which rigorous quantum mechanical calculations are currently impossible.
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Many classes of chemical reactions exhibit significant quantum mechanical characters at low temperatures due to the effects of zero-point vibrational energy and/or tunneling through an activation barrier. A rigorous determination of these effects via solution of the quantum reactive scattering Schrödinger equation is currently feasible only for systems containing six or fewer atoms. 1 For this reason, several theoretical methods have been developed in an effort to approximately incorporate these important quantum effects in the calculation of chemical reaction rate coefficients for larger systems. Many previous methods are refinements of a ) Author to whom correspondence should be addressed. Electronic address: ysuleyma@mit.edu transition state theory. Modern implementations of both conventional and variational transition state theory incorporate zero-point energy by utilizing quantum mechanical partition functions for at least the internal degrees of freedom. There are several ways of including a semiclassical tunneling correction, both one-dimensional and multidimensional. 2 There has also been significant effort toward developing a fully quantum transition state theory (QTST), [3] [4] [5] [6] [7] such as the quantum instanton (QI) theory of Miller et al., 8 which improves on an earlier semiclassical transition state theory 9 by treating the Boltzmann operator fully quantum mechanically.
Recently, an alternative method of incorporating quantum effects in chemical reaction rates has been developed based on ring polymer molecular dynamics (RPMD). [10] [11] [12] RPMD exploits the isomorphism between the statistical properties of the quantum system and those of a classical fictitious ring polymer consisting of many copies of the original system connected by harmonic springs. 13 This isomorphism enables the inclusion of quantum effects via classical molecular dynamics simulations in an extended phase space, an approach with several desirable features for calculating bimolecular gas-phase rate coefficients. First, the RPMD rate coefficient becomes exact in the high temperature limit, where the ring polymer collapses to a single bead. Second, the RPMD rate coefficient has a well-defined short-time limit that acts as an upper bound on the RPMD rate. When the transition state dividing surface is defined in terms of the centroid of the ring polymer, this short-time limit coincides with a well-known (centroid density) version of quantum transition state theory (QTST). Finally, and most importantly, the RPMD rate coefficient is rigorously independent of the choice of the transition state dividing surface used to compute it, a feature that distinguishes it from transition state theory-based methods. Previous applications of RPMD rate theory have demonstrated that it provides systematic and consistent performance across a wide range of system dimensionalities, including onedimensional Eckart barriers, [10] [11] atom-diatom 14-16 and small polyatomic reactions in the gas phase, [17] [18] [19] enzyme-catalyzed reactions, 20 electron transfer reactions, 21 and proton-coupled electron transfer reactions across many different regimes. 22 In all gas phase systems considered so far, the RPMD rate coefficient captures almost perfectly the zero-point energy effect, and is within a factor of 2-3 of the exact rate at low temperatures in the deep tunneling regime, as determined by comparison to rigorous quantum mechanical results available for these systems.
14- 19 Furthermore, RPMD rate theory has been shown to consistently underestimate the rates for symmetric reactions and overestimate them for asymmetric reactions. 16, 23 The systematic and consistent performance of RPMD rate theory contrasts with the performance of transition state theory-based methods, which are sensitive to the choice of the transition state dividing surface. Proper identification of this dividing surface becomes increasingly difficult as the dimensionality of the problem increases due to the multidimensional nature of tunneling at low temperatures and sometimes large amount of recrossings at high temperatures; as a result, QTST methods are often less accurate in higher dimensionalities. Tailoring the dividing surface for each reaction can significantly improve the accuracy of TST calculations, 24, 25 but it requires special expertise, and for some systems even the optimal dividing surface would still have many recrossings. Elaborate quantum implementations of transition state theory have similar sensitivity to the definition of the dividing surface, and do not necessarily provide improved accuracy when compared to less sophisticated methods, and therefore are not guaranteed to provide a predictable level of error when applied to higher-dimensionality systems. RPMD rate theory has been shown to give better agreement with accurate quantum mechanical (multiconfigurational timedependent Hartree) 26 calculations than transition state theory methods for the six-atom reactions H + CH 4 → CH 3 + H 2 and O + CH 4 → CH 3 + OH. 17, 19 The predictable level of accuracy, which occurs because of the rigorous independence of the method from the choice of transition state dividing surface, is one of the most important and attractive features of RPMD rate theory. The successful application of RPMD to small systems motivated us to develop the open-source software package RPMDrate for computing bimolecular gas-phase reaction rates of arbitrary polyatomic systems where potential energy surfaces are available. 27 In this Letter, we apply RPMD rate theory to a seven-atom system, for which no exact quantum mechanical results are currently available. The system of interest is the reaction
an important reaction in atmospheric chemistry as the main process by which methane is removed from the atmosphere, 28 and in combustion as a chain-propagating reaction of hightemperature methane flames. 29 This reaction has received considerable experimental attention. 30 In particular, this work focuses on the kinetic isotope effect (KIE) of R1 relative to the reaction OH + CD 4 → CD 3 + HDO (R2)
KIE is widely used in experiments to detect quantum mechanical effects; as a ratio of rate coefficients, the KIE depends weakly on the height of the classical reaction barrier, and therefore provides a useful means for comparison to experiment even when the potential energy surface (PES) is less accurate. The KIE of reactions R1 and R2 has been measured in three independent experiments, two of which agree very closely over the temperature range 300-400 K where their experiments overlap. [31] [32] [33] However, although there have been several theoretical calculations of the KIE, they generally are not consistent with one another or the experimental result. [34] [35] [36] [37] [38] [39] [40] As we will see, the choice of a hydrogen abstraction and a deuterium abstraction reaction will be useful in illustrating the predictable level of accuracy of RPMD rate theory. RPMD rate theory was used to calculate the rate coefficients of the reactions R1 and R2 at several temperatures over the range 200 to 1000 K. All RPMD calculations were performed using the RPMDrate software; the working equations of RPMD rate theory have been published elsewhere. 27 The RPMD calculations utilized 128 beads at all temperatures below 700 K and 64 beads at the higher temperatures. Although our recent calculations showed that the RPMD rate coefficient could be numerically converged using fewer beads, 19 we nonetheless continued to use additional beads due to the relative computational affordability of the RPMD method. Energies and forces were determined using the global potential energy surface of Espinosa-García and Corchado. 39 The 2 Π 1/2 excited state of OH, which is only 140 cm -1 above the ground state, 41 was included in the electronic partition function. All other parameters, as well as plots of the potential of mean force and transmission coefficient profiles calculated for reaction R1 at 300 K, can be found in the RPMDrate manuscript. 27 Calculations of the crossover temperature, below which the reactions are in the deep tunneling regime, were performed using POLYRATE, 42 with the same parameters as used by Espinosa-García and Corchado. 39 Representative experimental results for the R1 rate coefficient are taken from Vaghjiani and Ravishankara, 43 Sharkey and Smith, 44 and Bryukov et al. 45 The RPMD results for the kinetics of reaction R1 are compared against two previously published theoretical results using the same potential energy surface in Table . The canonical unified statistical model with microcanonical optimized multidimensional tunneling (CUS/μOMT) results of Espinosa-García and Corchado 39 show very good agreement with experimental data, even well into the deep tunneling regime (computed by us to be below 387 K, based on the imaginary frequency of 1703 cm -1 used by Espinosa-García and Corchado). This level of accuracy is initially surprising due to the many approximations utilized in the CUS/μOMT method, including a 1D hindered rotor approximation along the minimum energy path and harmonic approximation for all other modes, which are unlikely to accurately describe tunneling at low temperatures. However, we note that the CUS/μOMT method was applied by the same authors who constructed the analytical PES; the authors calibrated this PES so that the CUS/μOMT method reproduced the experimental results. The quantum instanton (QI) method, as applied by Wang and Zhao, 40 is expected to be more accurate than the CUS/μOMT method since it eliminates several of the latter's approximations. However, the results for reaction R1 are mixed; at 300 K the QI result is more accurate than the CUS/μOMT result, but at 250 K the QI method is less accurate. At 200 K -for which no experimental data was available when the analytical PES was generated -the QI rate is faster than the CUS/μOMT one by a factor of three, a much larger disagreement than at the other temperatures, suggesting that the CUS/μOMT method significantly underestimates the tunneling contribution, and therefore that the analytical PES is inaccurate. The RPMD results of this work further suggest the inaccuracy of the PES. Table shows the RPMD results with and without the transmission coefficient, with the latter labeled cd-QTST to reflect its coincidence with the centroid-density version of quantum transition state theory. At 1000 K the RPMD rate is 20-30% lower than both the other theoretical methods and the experimental results. Since RPMD rate theory is exact at high temperatures, the deviation of the RPMD result from experiment is likely due to the fitting of the analytical PES with the CUS/μOMT method, i.e. the true reaction barrier is a little lower than that on the fitted PES of Ref. 39 . The RPMD transmission coefficient -which can be calculated by dividing the cd-QTST value by the RPMD value -is very small (0.4) at 1000 K, consistent with the expected high-level of recrossing in heavy-light-heavy reactions.
Based on previous experience, [14] [15] [16] [17] [18] [19] we expected the RPMD rate coefficient to overestimate the exact rate by about a factor of two to three in the deep tunneling regime. However, the results show a larger error than expected; for instance, the RPMD rate coefficient at 250 K is about four times larger than that observed experimentally. This discrepancy is also likely due to the fitting of the analytical PES. For this reason we focus our evaluation more on the predicted kinetic isotope effects (KIEs), which are much less dependent on the accuracy of the potential energy surface, and should give a better indication of the relative performance of each method. Table shows the values of the KIE for R1 to R2 at several temperatures as predicted by the various theoretical methods and measured experimentally. Because KIEs are less sensitive to the PES parameters, we have included two additional theoretical calculations that utilized direct dynamics instead of the analytical PES to compute energies and forces. Melissas and Truhlar applied canonical variational transition state theory with small curvature tunneling (CVT/SCT) at the MP-SAC2//MP2/adj-cc-pVTZ level. 34, 35 Masgrau and coworkers also utilized variational transition state theory with interpolated single-point energy corrections and small curvature tunneling (VTST-ISPE/SCT) using the MCCM-CCSD(T)-1sc multicoefficient correlation method. [37] [38] The experimental kinetic isotope effects are taken from Gordon and Mulac, 31 Dunlop and Tully, 32 and Gierczak et al. 33 The experimental KIE values are larger than two even at 1000 K, and increase as temperature decreases, showing a much smaller tunneling effect for R2 than R1. The transition state theory-based methods give contradictory estimates of the KIE, with the CVT/SCT and QI methods overpredicting the KIE and the VTST-ISPE/SCT and CUS/μOMT methods underpredicting the KIE. Surprisingly, the oldest and least sophisticated CVT/SCT calculation is the most accurate, though this accuracy is likely a result of error cancellation. The CUS/μOMT method improves on CVT/SCT by accounting for some recrossing of the optimized dividing surface, while the VTST-ISPE/SCT method uses dual level direct dynamics to correct the minimum energy path using interpolated single-point energies. Both refinements cause the calculated KIEs to be much lower than those of the CVT/SCT method, but both are also further from the experimental data. Conversely, the QI method gives KIEs that are much larger than experiment, especially at very low temperatures, where the QI result is four times larger than experiment. This inconsistent, unpredictable performance of the TST-based methods is a direct result of their sensitivity to the choice of transition state dividing surface.
Our cd-QTST results are very similar to the QI results except at very low temperatures, where the cd-QTST result is slightly more accurate. By contrast, in previous investigations of 1D Eckart barrier and gas-phase atom-diatom reactions, the QI method often provided equal or more accurate results than those of CVT, cd-QTST, or RPMD rate theory. 46, 47 This system is the second demonstration that the accuracy of the QI method, which depends on the transition state dividing surface, decreases when the method is applied to larger polyatomic reactions where it is harder to draw an accurate dividing surface. 17 Since the experiments show that the deuterium abstraction reaction R2 has a smaller tunneling contribution than the corresponding hydrogen abstraction R1, we expect the RPMD rate coefficient for R2 to be computed very accurately. As a result, we anticipate that the KIE will be overpredicted by RPMD theory by about factor of two at low temperatures due to the anticipated overprediction of the rate of R1. Indeed, the results in Table are consistent with our expectations. Within the methods that utilize the same potential energy surface, the RPMD result is consistently closer to the experimental data than the QI result at all temperatures, and is also significantly more accurate than the CUS/μOMT result at high temperatures, where the KIE is even less sensitive to the PES. RPMD gives a more accurate KIE than CUS/μOMT even despite the tuning of the analytical PES to reproduce the experimental KIE data using the latter method. 39 Note that the inclusion of the transmission coefficient, which distinguishes RPMD from the otherwise-identical cd-QTST method, improves the accuracy significantly. 
